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に欠かせない食品(Figure 1-1)、および医薬品(Figure 1-2)に関連した化合物を紹介する。 
 











































































いる。これは 2001 年に Noyori、Knowles、Sharpless の三名に対しノーベル化学賞が授
与されたことからも明らかである(対象となる業績は、「触媒による不斉合成(Catalytic 









1-2.  炭素—窒素二重結合に対する不斉アリル化反応 
 









Figure 1-3.  General Approach for Chiral Homoallylamines via Nucleophilic Addition of 
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1-2-2.  アリルケイ素化合物 
 
 Figure 1-4 に、報告されているアリルケイ素化合物を配位形式ごとに示す。 
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1-3.  キラルな基質、反応剤を用いるアリル化反応 
 


























































R1 = R2 = H:
86% yield, 88% ee
R1 = Me, R2 = H (E-Isomer):
89% yield, 90% syn, 97% ee
R1 = H, R2 = Me (Z-Isomer):















較実験により、反応の鍵中間体として、Scheme 1-2 に示す中間体を想定している。 
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activation of allylsilane by F-
 
 






































































-78 °C, 1 h
80% yield, 98% ee  
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-78 °C, 1 h
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1-5.  細見-櫻井アリル化反応 
 




































2006 年当時においては、Yamamoto らによる報告(Scheme 1-8)12a、Jørgensen ら、Lectka
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0 C, 46 h
TBAF (50 mol%)
79% yield, 80% ee  
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1-6.  アリルシラトランを用いたアリル化反応 
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に MacMillan らによって提唱された (Scheme 1-15。原著では organocatalytic、
organocatalyzed という単語が用いられている)16。以降、わずか 15 年弱の間に、有機触
媒は、金属錯体触媒、生体触媒に次ぐ第三の触媒として認知されるに至っている。 
 


















endo / exo = 1 / 1.3
93% ee (endo)











キラル相間移動触媒として用いる反応が、1980 年代に Merck 社の開発チームにより
見出された 17a。その後、O’Donnell らの研究 17bが続き、シンコナアルカロイド由来の
キラル相間移動触媒の開発が行われていった。このキラル相間移動触媒の分野に関し
ては、1999 年、Maruoka らによって大きなブレークスルーがもたらされた 18。すなわ
ち、ビナフチル骨格を有するキラル四級アンモニウムが、相間移動触媒として、従来
の四級アンモニウムよりもはるかに高い活性、および立体制御能を有することが示さ






















 こうした課題に対し、1997 年、Shibasaki らは、独自に開発したルイス酸-ブレンス
テッド塩基複合型触媒が、ケトンとアルデヒドとの触媒的不斉直截的交差型分子間ア
ルドール反応の優れた触媒となることを報告した 21a。これはクラス II アルドラーゼ
の触媒作用と同様な機構であると考えられている。 
一方、クラス I アルドラーゼ、アルドラーゼ型抗体触媒の研究を行っていた List、






たことを含め 23、この研究開発の経緯は非常に興味深い 15b,24。 
 
このほかにも、キラルルイス塩基触媒 25、キラルブレンステッド塩基触媒 26、求核
触媒 27、アシル化触媒 28、および含窒素複素環式カルベン(N-heterocyclic carbene、NHC)29
など、MacMillan の報告以前に優れた有機触媒が報告されている(Figure 1-7)。 
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Surprisingly, however, relatively few asymmetric transformations have been reported which 
employ organic molecules as reaction catalysts, despite the widespread availability of 
organic chemicals in enantiopure form and the accordant potential for academic, industrial, 








































Scheme 1-16.  Chiral Phosphoric Acid Promoted Stereoselective Hosomi−Sakurai Allylation 







Scheme 1-17.  Chiral Brønsted Acid Catalysis for Enantioselective Hosomi−Sakurai 




第 3 章では、第 2 章の実験結果を基に、触媒量のキラルブレンステッド酸による細
見-櫻井アリル化反応への展開を試みた。 











 以下、本博士研究の成果を 4 章に分けて述べる。 
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2-1.  キラルリン酸 
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Figure 2-2.  Perfluorophenyl Group
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Scheme 2-5.  Substitution with C6F5 Group by o-Lithiation for Synthesis of BINOL-derived 













































同時に、BINOL 誘導体である H8-BINOL 由来のキラルリン酸の合成も試みた。初
めに、BINOL 由来のキラルリン酸合成で有効であった方法論を用い、合成を試みた。
MOM 基で保護した H8-BINOL の 3,3’位のリチオ化を行い、ヘキサフルオロベンゼン
との反応を行ったが、モノ置換体が主生成物として得られた(Scheme 2-6)。オクタヒ















て、総収率 41%でキラルリン酸を合成することができた(Scheme 2-7)。 
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2-3.  化学量論量のキラルリン酸による細見-櫻井アリル化反応 
 




(Table 2-1)。反応は、ベンズアルデヒドより誘導した、窒素上に Bz 基の置換したアシ
ルイミンとアリルトリメチルシランを用い、100 mol%のキラルリン酸(R)-1a 存在下、
トルエン溶媒中、室温で 2 日間行った。 
 




















































 まず、アリルトリメチルシラン 1 当量に対し、アシルイミンを 1 当量用い反応を行
った(entry 1)。その結果、低収率ではあるものの、中程度のエナンチオ選択性で望み
のホモアリルアミン 4aa を得ることが出来た。そこでアシルイミンの当量を 2 当量に
増やしたところ、収率の向上が見られた(entry 2)。さらにアシルイミンの当量を 5 当
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(1.0 eq.)(5.0 eq.)
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2-3-3.  溶媒検討 
 
 用いる反応溶媒に関して検討を行った(Table 2-2)。 
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2-3-4.  キラルリン酸不斉源の検討 
 
 さらなる収率、エナンチオ選択性の向上を目指し、キラルリン酸の不斉源に関する
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2-3-5.  基質一般性の検討 
 





Scheme 2-9.  Substrate Scope
a,b 
 



























(5.0 eq.) (1.0 eq.)
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a Isolated yield.  b Determined by chiral HPLC analysis.
c After the reaction, recovered (R)-1b was purified by
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2-3-7.  一級アミンへの変換と絶対配置の決定 
 
 反応生成物の絶対配置は、生成物を文献既知の化合物へと誘導化することにより決
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2-4.  化学量論量のキラルリン酸によるクロチル化反応 
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entry E / Z yield (%)a syn / antib
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up to 94% yield


























E / Z = 84 / 16
7ba
80% yield
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3-1.  触媒サイクルに関する考察 
 
 触媒反応の検討に先立ち、予想される触媒サイクルについて考察した(Figure 3-1)。 
 













































R' = H or Si
H*B : Chiral Brønsted Acid
 

















3-2.  初期検討 
 
 検討は、窒素上に Bz 基を有するアシルイミンとアリルトリメチルシランを用い、
20 mol%のキラルリン酸触媒存在下、トルエン溶媒中加熱撹拌し行った(Table 3-1)。 
 



































30 °C, 2 days
40 °C, 2 days
40 °C, 7 days









a Isolated yield.  b Determined by chiral HPLC analysis  
 












ンチオ選択性が低下する(entry 1、2 vs 4)。 
(2)反応時間を延長した場合、収率が向上する一方で、エナンチオ選択性が大幅に低








































































































































 一つ目の可能性は、添加剤が、Cycle A(Figure 3-3)の右下に示したカチオン中間体の
シリル基を補足し、キラルブレンステッド酸の再生に関与する場合である。 
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3-4.  キラルリン酸・ブレンステッド酸協同触媒系 
 











8da : G = Ph
















































































Chapter 3.  Chiral Brønsted Acid Catalysis for Stereoselective Hosomi−Sakurai Reaction 
51 
 





























30 C, 2 days
(R)-1b (20 mol%)






30 C, 2 days
(R)-1b (20 mol%)
4ba
22% yield, 95% ee








83% yield, 92% ee
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3-4-3.  基質一般性の検討 
 





Scheme 3-2.  Substrate Scope
a,b 
 



























(5.0 eq.) (1.0 eq.)
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3-4-4.  協同触媒系によるクロチル化反応 
 
 本協同触媒系をクロチル化反応に展開した(Scheme 3-3)。 
 
















E / Z = 84 / 16
7ba
80% yield
syn / anti = 93 / 7
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up to 83% yield

































E / Z = 84 / 16
7ba
80% yield
syn / anti = 93 / 7
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1.  General Information 
  All reactions were carried out under an atmosphere of standard grade nitrogen gas or argon gas in flame-dried 
glassware with magnetic stirring.  Dichloromethane, diethyl ether (Et2O), tetrahydrofuran (THF) and toluene 
were supplied from KANTO Chemical Co., Inc. as “Dehydrated solvent system”.  Other solvents were dried 
over activated MS4A and used under N2 atmosphere.  Reagents were purchased from commercial suppliers and 
used without further purification.  Purification of reaction products was carried out by flash column 
chromatography using silica gel 60 (spherical, neutral, 100-210 μm; KANTO Chemical Co., Inc.), silica gel 60 
(230-400 mesh; E. Merk), and DIOL silica gel (45-75μm; Fuji Silysia Chemical Ltd.).  Analytical thin layer 
chromatography (TLC) was performed on E. Merck precoated (0.25 mm) silica gel 60-F254 plates.  
Visualization was accomplished with UV light and phosphomolybdic acid solution in ethanol by heating.   
Infrared (IR) spectra were recorded on a Shimazu FTIR-8600PC spectrometer.  
1
H NMR spectra were 
recorded on a JEOL JNM-A-500 (500 MHz) spectrometer, JEOL JNM-A-400 (400 MHz) spectrometer and 
JEOL JNM-A-300 (300 MHz) spectrometer at ambient temperature.  NMR solvents were purchased from 
ACROS (CDCl3), CIL, Inc. (C6D6), and used as received.  Data were reported as follows: chemical shifts were 
reported in ppm from tetramethylsilane on the δ scale, with solvent resonance employed as internal standard 
(CDCl3 7.26 ppm, C6D6 7.16 ppm), multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, and 
m = multiplet), integration, coupling constant (Hz) and assignment.  
13
C NMR spectra were recorded on a 
JEOL JNM-A-500 (125.65 MHz) spectrometer and JEOL JNM-A-300 (75.5 MHz) spectrometer at ambient 
temperature.  Chemical shifts were reported in ppm from tetramethylsilane on the δ scale, with solvent 
resonance employed as internal standard (CDCl3 77.0 ppm, C6D6 128.0 ppm).  
31
P NMR spectra were recorded 
on JEOL JNM-A-300 (121.5 MHz) spectrometer at ambient temperature, with complete proton decoupling.  
Chemical shifts were reported in ppm on the δ scale, with trimethyl phosphite (141 ppm) resonance employed as 
the internal standard.  
19
F NMR spectra were recorded on JEOL JNM-A-300 (282.7 MHz) spectrometer at 
ambient temperature.  Chemical shifts were reported in ppm on the δ scale, with hexafluorobenzene (-162 ppm) 
resonance employed as the internal standard.  High-performance liquid chromatography (HPLC) was 
performed on a Jasco equipped with a variable wavelength detector using a Chiralpak IA column (0.46 cm x 25 
cm) from Daicel.  Optical rotations were measured on a Jasco P-1020 digital polarimeter with a sodium lamp 
and reported as follows; [α]D
T °C
 (c = g/100 mL, solvent).  Mass spectra were obtained on Bruker Daltonics 
APEX III FT-ICR-MS spectrometer and HITACHI M-2500 spectrometer in Instrumental Analysis Center for 
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(5.0 eq.) (1.0 eq.) condition A: (R)-1b (100 mol%)
condition B: (R)-1b (20 mol%), 8db (80 mol%)  
Condition A: A dry test tube equipped with a magnetic stir bar was charged with phosphoric acid (R)-1b (100 
mol%, 68.8 mg, 0.1 mmol) and N-acyl imine 2ba (5.0 eq., 161 mg, 0.5 mmol), and the atmosphere was replaced 
with N2.  Then, ethyl acetate (0.5 mL) was added at room temperature and the resulting solution was stirred for 
10 min. After the solution was warmed to 30 °C, allyltrimethylsilane 3 (16 μL, 0.1 mmol) was added. The 
reaction mixture was stirred at this temperature for 2 days.  The reaction was quenched with saturated NH4Cl 
solution (4 mL) and the aqueous layer was extracted with CHCl3 (20 mLx3).  The combined organic extracts 
were washed with brine, dried over Na2SO4 and concentrated under reduced pressure after filtration.  The 
residual crude product was chromatographed on silica gel using a mixture of ethyl acetate and hexane as the 
eluant to give the product 4ba. 
 
Condition B: A dry test tube equipped with a magnetic stir bar was charged with phosphoric acid (R)-1b (20 
mol%, 13.8 mg, 0.02 mmol), additive 8db (80 mol%, 36.5 mg, 0.08 mmol) and N-acyl imine 2ba (5.0 eq., 161 
mg, 0.5 mmol), and the atmosphere was replaced with N2. Then, ethyl acetate (0.5 mL) was added at room 
temperature and the resulting solution was stirred for 10 min. After the solution was warmed to 30 °C, 
allyltrimethylsilane 3 (16 μL, 0.1 mmol) was added.  The reaction mixture was stirred at this temperature for 2 
days.  The reaction was quenched with saturated NH4Cl solution (4 mL) and the aqueous layer was extracted 
with CHCl3 (20 mLx3).  The combined organic extracts were washed with brine, dried over Na2SO4 and 
concentrated under reduced pressure after filtration.  The residual crude product was chromatographed on silica 






3,5-di-tert-butyl-N-((R)-1-phenylbut-3-enyl)benzamide (4ba)   
(Condition A) Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) 
provided the product as white solid (35.1 mg, 94% yield, 98% ee). TLC Rf = 0.36 (4:1 hexane:ethyl acetate); 
[α]D
23.0
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NMR (CDCl3, 500 MHz) δ 7.58 (s, 2H), 7.57 (s, 1H), 7.36-7.34 (m, 4H), 7.27 (m, 2H), 6.40 (d, 1H, J = 7.0 Hz), 
5.80 (ddt, 1H, J = 17.0, 10.0, 7.0 Hz), 5.29 (q, 1H, J = 7.0 Hz), 5.21 (d, 1H, J = 17.0 Hz), 5.16 (d, 1H, J = 10.0 
Hz), 2.71 (t, 2H, J = 6.5 Hz), 1.34 (s, 18 H); 
13
C NMR (CDCl3, 125.65 MHz) δ 167.7, 151.2, 141.8, 134.3, 134.2, 
128.6, 125.7, 121.1, 118.3, 52.5, 40.7, 34.9, 31.3; Anal. HRMS (ESI) Exact Mass Calcd for C25H33NNaO 
(M+Na)
+
: 386.2454, Found: 386.2454.  Enantiomeric excess was determined by HPLC analysis with a 
Chiralpak IA column (98:2 hexane:isopropanol), 0.5 mL/min, 220 nm, 25 C; major enantiomer tr = 25.9 min, 
minor enantiomer tr = 35.4 min. 
(Condition B, 0.1 mmol scale) Purification by silica gel column chromatography with elution by hexane:ethyl 
acetate (10:1) provided the product as white solid (30.3 mg, 83% yield, 92% ee). 
Configuration Assignment: The absolute stereochemical configuration was determined to be R for 4ba, 







3,5-di-tert-butyl-N-((R)-1-o-tolylbut-3-enyl)benzamide (4bb)   
(Condition A) Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) 
provided the product as white solid (27.0 mg, 70% yield, 94% ee).  TLC Rf = 0.49 (6:1 hexane:ethyl acetate); 
[α]D
22.2 





(CDCl3, 500 MHz) δ 7.57 (d, 2H, J = 1.5 Hz), 7.56 (t, 1H, J = 1.5 Hz), 7.28 (m, 1H), 7.18 (m, 3H), 6.43 (d, 1H, 
J = 7.5 Hz), 5.18 (ddt, 1H, J = 17.0, 10.0, 7.0 Hz, 1H), 5.46 (q, 1H, J = 7.0 Hz), 5.21 (dd, 1H, J = 17.0, 1.0 Hz), 
5.15 (d, 1H, J = 10.0 Hz), 2.65 (t, 2H, J = 6.5 Hz), 2.48 (s, 3H), 1.33 (s, 18H); 
13
C NMR (CDCl3, 125.65 MHz) δ 
167.5, 151.2, 140.0, 135.8, 134.4, 134.1, 130.7, 127.2, 126.1, 125.7, 125.1, 121.0, 118.2, 49.2, 40.0, 34.9, 31.3, 
19.4; Anal. HRMS (ESI) Exact Mass Calcd for C26H35NNaO (M+Na)
+
: 400.2611. Found: 400.2611.  
Enantiomeric excess was determined by HPLC analysis with a Chiralpak IA column (98:2 hexane:isopropanol), 
0.5 mL/min, 220 nm, 25 C; major enantiomer tr = 15.3 min, minor enantiomer tr = 18.9 min. 
(Condition B, 0.2 mmol scale) Purification by silica gel column chromatography with elution by hexane:ethyl 
acetate (10:1) provided the product as white solid (44.1 mg, 58% yield, 82% ee). 
Configuration Assignment: The absolute stereochemical configuration was determined to be R for 4bb by 
analogy. 
 







3,5-di-tert-butyl-N-((R)-1-m-tolylbut-3-enyl)benzamide (4bc)   
(Condition A) Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) 
provided as white solid (33.2 mg, 88% yield, 96% ee).  TLC Rf = 0.35 (6:1 hexane:ethyl acetate); [α]D
21.6 
= 




H NMR (CDCl3, 
500 MHz) δ 7.59 (d, 2H, J = 2.0 Hz), 7.56 (t, 1H, J = 2.0 Hz), 7.23 (t, 1H, J =7.5 Hz), 7.16 (s, 1H), 7.15 (d, 1H, 
J = 8.5 Hz), 7.07 (d, 1H, J = 8.5 Hz), 6.43 (d, 1H, J = 5.5 Hz), 5.80 (ddt, 1H, J = 17.5, 10.0, 7.0 Hz), 5.25 (q, 1H, 
J = 7.0 Hz), 5.21 (dd, 1H, J = 17.5, 2.0 Hz), 5.15 (dd, 1H, J = 10.0, 2.0 Hz), 2.69 (t, 2H, J = 7.0 Hz), 2.34 (s, 3H), 
1.33 (s, 18H); 
13
C NMR (CDCl3, 125.65 MHz) δ 167.7, 151.2, 141.7, 138.2, 134.4, 134.3, 128.5, 128.1, 127.3, 
125.7, 123.4, 121.1, 118.2, 52.5, 40.7, 34.9, 31.3, 21.5; Anal. HRMS (ESI) Exact Mass Calcd for C26H35NNaO 
(M+Na)
+
: 400.2611. Found: 400.2611.  Enantiomeric excess was determined by HPLC analysis with a 
Chiralpak IA column (98:2 hexane:isopropanol), 0.5 mL/min, 220 nm, 25 C; major enantiomer tr = 25.3 min, 
minor enantiomer tr = 28.9 min. 
(Condition B, 0.2 mmol scale) Purification by silica gel column chromatography with elution by hexane:ethyl 
acetate (10:1) provided the product as white solid (41.4 mg, 54% yield, 93% ee). 






3,5-di-tert-butyl-N-((R)-1-p-tolylbut-3-enyl)benzamide (4bd)   
(Condition A) Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) 
provided as white solid (34.3 mg, 92% yield, 97% ee).  TLC Rf = 0.41 (6:1 hexane:ethyl acetate); [α]D
24.3
 = 




H NMR (CDCl3, 
500 MHz) δ 7.58 (s, 2H), 7.56 (s, 1H), 7.25 (d, 2H, J = 8.0 Hz), 7.15 (d, 2H, J = 8.0 Hz), 6.45 (d, 1H, J = 7.5 
Hz), 5.79 (ddt, 1H, J = 17.0, 10.0, 7.0 Hz), 5.24 (q, 1H, J = 7.0 Hz), 5.19 (d, 1H, J = 17.0 Hz), 5.13 (d, 1H, J = 
10.0 Hz), 2.68 (t, 2H, J = 7.0 Hz), 2.33 (s, 3H), 1.33 (s, 18 H); 
13
C NMR (CDCl3, 125.65 MHz) δ 167.7, 151.2, 
138.7, 136.9, 134.4, 134.3, 129.3, 126.4, 125.6, 121.1, 118.2, 52.4, 40.6, 34.9, 31.3, 21.0; Anal. HRMS (ESI) 
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Exact Mass Calcd for C26H35NNaO (M+Na)
+
: 400.2611. Found: 400.2611.  Enantiomeric excess was 
determined by HPLC analysis with a Chiralpak IA column (98:2 hexane:isopropanol), 0.5 mL/min, 220 nm, 25 
C; major enantiomer tr = 27.4 min, minor enantiomer tr = 34.8 min. 
(Condition B, 0.2 mmol scale) Purification by silica gel column chromatography with elution by hexane:ethyl 
acetate (10:1) provided the product as white solid (57.7 mg, 76% yield, 87% ee). 







(Condition A) Purification by silica gel column chromatography with elution by hexane:ethyl acetate (12:1) 
provided as white solid (37.8 mg, 92% yield, 95% ee).  TLC Rf = 0.39 (6:1 hexane:ethyl acetate); [α]D
21.1 
= 





NMR (CDCl3, 500 MHz) δ 7.58 (brs, 3H), 7.29 (m, 4H), 6.49 (d, 1H, J = 7.0 Hz), 5.76 (ddt, 1H, J = 17.0, 10.0, 
7.0 Hz), 5.23-5.16 (m, 3H), 2.65 (t, 2H, J = 7.0 Hz), 1.33 (s, 18H); 
13
C NMR (CDCl3, 125.65 MHz) δ 167.7, 
151.3, 140.4, 133.92, 133.90, 133.0, 128.7, 127.8, 125.9, 121.1, 118.7, 52.1, 40.6, 34.9, 31.3; Anal. HRMS (ESI) 
Exact Mass Calcd for C25H32ClNNaO (M+Na)
+
: 420.2065. Found: 420.2065.  Enantiomeric excess was 
determined by HPLC analysis with a Chiralpak IA column (98:2 hexane:isopropanol), 0.5 mL/min, 220 nm, 25 
C; major enantiomer tr = 13.4 min, minor enantiomer tr = 20.8 min. 
(Condition B, 0.2 mmol scale) Purification by silica gel column chromatography with elution by hexane:ethyl 
acetate (10:1) provided the product as white solid (59.9 mg, 75% yield, 86% ee). 






3,5-di-tert-butyl-N-((R)-1-(4-trifluoromethylphenyl)but-3-enyl)benzamide (4bf)   
(Condition A) Purification by silica gel column chromatography with elution by hexane:ethyl acetate (12:1) 
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provided as white solid (36.3 mg, 84% yield, 92% ee).  TLC Rf = 0.38 (6:1 hexane:ethyl acetate); [α]D
24.5 
= 





(CDCl3, 500 MHz) δ 7.60 (d, 2H, J = 8.5 Hz), 7.59 (brs, 3H), 7.47 (d, 2H, J = 8.5 Hz), 6.50 (d, 1H, J = 6.9 Hz), 
5.77 (ddt, 1H, J = 17.0, 10.0, 7.0 Hz), 5.30-5.20 (m, 3H), 2.69 (m, 2H), 1.34 (s, 18H); 
13
C NMR (CDCl3, 125.65 
MHz) δ 167.8, 151.4, 146.0, 133.7, 133.6, 129.5 (q, J = 32.1 Hz), 126.7, 126.0, 125.6 (q, J = 3.8 Hz), 124.1 (q, J 
= 272 Hz), 121.1, 119.0, 52.4, 40.6, 34.9, 31.3; Anal. HRMS (ESI) Exact Mass Calcd for C26H32F3NNaO 
(M+Na)
+
: 454.2328. Found: 454.2328.  Enantiomeric excess was determined by HPLC analysis with a 
Chiralpak IA column (98:2 hexane:isopropanol), 1.0 mL/min, 220 nm, 25 C; major enantiomer tr = 10.1 min, 
minor enantiomer tr = 19.7 min. 
(Condition B, 0.1 mmol scale) Purification by silica gel column chromatography with elution by hexane:ethyl 
acetate (10:1) provided the product as white solid (34.9 mg, 80% yield, 75% ee). 






3,5-di-tert-butyl-N-((R)-1-(4-methoxyphenyl)but-3-enyl)benzamide (4bg)   
(Condition A) Purification by silica gel column chromatography with elution by hexane:ethyl acetate (10:1) 
provided as white solid (27.5 mg, 70% yield, 96% ee).  TLC Rf = 0.47 (4:1 hexane:ethyl acetate); [α]D
22.5 
= 





(CDCl3, 500 MHz) δ 7.58 (d, 2H, J = 2.0 Hz), 7.56 (t, 1H, J = 2.0 Hz), 7.28 (dm, 2H, J = 8.5 Hz), 6.87 (dm, 2H, 
J = 8.5 Hz), 6.46 (d, 1H, J = 7.0 Hz), 5.79 (ddt, 1H, J = 17.0, 10.0, 7.0 Hz), 5.23 (q, 1H, J = 7.5 Hz), 5.19 (dd, 
1H, J = 17.0, 2.0 Hz), 5.13 (dd, 1H, J = 10.0, 2.0 Hz), 3.78 (s, 3H), 2.68 (m, 2H), 1.32 (s, 18H); 
13
C NMR 
(CDCl3, 125.65 MHz) δ 167.6, 158.7, 151.2, 134.4, 134.3, 133.9, 127.6, 125.6, 121.0, 118.1, 114.0, 55.2, 52.1, 
40.6, 34.9, 31.3; Anal. HRMS (ESI) Exact Mass Calcd for C26H35NNaO2 (M+Na)
+
: 416.2560. Found: 416.2560.  
Enantiomeric excess was determined by HPLC analysis with a Chiralpak IA column (98:2 hexane:isopropanol), 
0.5 mL/min, 220 nm, 25 C; major enantiomer tr = 44.1 min, minor enantiomer tr = 55.4 min. 
(Condition B, 0.1 mmol scale) Purification by silica gel column chromatography with elution by hexane:ethyl 
acetate (10:1) provided the product as white solid (25.0 mg, 66% yield, 83% ee). 
Configuration Assignment: The absolute stereochemical configuration was determined to be R for 4bg by 
analogy. 
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6a: E / Z = 84 / 16
6b: E / Z = 1 / >99
7ba
condition A: (R)-1b (100 mol%)
condition B: (R)-1b (20 mol%), 8db (80 mol%)
 
Condition A: A dry test tube equipped with a magnetic stir bar was charged with phosphoric acid (R)-1b (100 
mol%, 68.8 mg, 0.1 mmol) and N-acyl imine 2ba (5.0 eq., 161 mg, 0.5 mmol), and the atmosphere was replaced 
with N2.  Then, ethyl acetate was added at room temperature and the resulting solution was stirred for 10 min. 
After the solution was warmed to 30 °C, crotyltrimethylsilane 6 (17 μL, 0.1 mmol) was added. The reaction 
mixture was stirred at this temperature for 2 days.  The reaction was quenched with saturated NH4Cl solution (4 
mL) and the aqueous layer was extracted with CHCl3 (20 mLx3).  The combined organic extracts were washed 
with brine, dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude 
product was chromatographed on silica gel using a mixture of ethyl acetate and hexane as the eluant to give the 
product 7ba. 
 
Condition B: A dry test tube equipped with a magnetic stir bar was charged with phosphoric acid (R)-1b (20 
mol%, 13.8 mg, 0.02 mmol), additive 8db (80 mol%, 36.5 mg, 0.08 mmol) and N-acyl imine 2ba (5.0 eq., 161 
mg, 0.5 mmol), and the atmosphere was replaced with N2. Then, ethyl acetate (0.5 mL) was added at room 
temperature and the resulting solution was stirred for 10 min. After the solution was warmed to 30 °C, 
crotyltrimethylsilane 6 (17 μL, 0.1 mmol) was added.  The reaction mixture was stirred at this temperature for 2 
days.  The reaction was quenched with saturated NH4Cl solution (4 mL) and the aqueous layer was extracted 
with CHCl3 (20 mLx3).  The combined organic extracts were washed with brine, dried over Na2SO4 and 
concentrated under reduced pressure after filtration.  The residual crude product was chromatographed on silica 









93% of 3,5-di-tert-butyl-N-((1R,2S)-2-methyl-1-phenylbut-3-enyl)benzamide  
7% of 3,5-di-tert-butyl-N-((1R,2R)-2-methyl-1-phenylbut-3-enyl)benzamide 
(Condition A, from (E)-majored crotyltrimethylsilane 6a) Purification by silica gel column chromatography 
with elution by hexane:ethyl acetate (12:1) provided the product as white solid (28.6 mg, 80% yield, syn / anti = 
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93 / 7 mixture, 98% ee for syn-diastereomer).  The diastereomeric ratio was determined by HPLC analysis.  
TLC Rf = 0.55 (6:1 hexane:ethyl acetate); [α]D
23.7
 = -7.15° (c = 1.0, CHCl3); IR (ATR) 3243, 3065, 2961, 1627, 




H NMR (CDCl3, 500 MHz) δ 7.59-7.55 (m, 3.24H, mixture of syn- and 
anti-diastereomer), 7.34-7.31 (m, 2.25H, mixture of syn- and anti-diastereomer), 7.28-7.24 (m, 3.68H, mixture 
of syn- and anti-diastereomer), 6.62 (d, 1H, J = 8.0 Hz, syn-diastereomer), 6.48 (d, 0.07H, J = 8.0 Hz, 
anti-diastereomer), 5.89-5.82 (m, 0.07H, anti-diastereomer), 5.72 (ddd, 1H, J = 17.5, 10.0, 7.5 Hz, 
syn-diastereomer), 5.26-5.20 (m, 0.12H, anti-diastereomer), 5.18 (d, 1H, J = 17.5 Hz, syn-diastereomer), 5.15 (d, 
1H, J = 10.0 Hz, syn-diastereomer), 5.13 (t, 1H, J = 7.5 Hz, syn-diastereomer), 4.98 (t, 0.07H, J = 7.5 Hz, 
anti-diastereomer), 2.77 (m, 1.10H, mixture of syn- and anti-diastereomer), 1.34-1.33 (sx2, 19.4H, mixuture of 
syn- and anti-diastereomer), 1.08 (d, 0.26H, J = 7.0 Hz, anti-diastereomer), 1.05 (d, 3H, J = 7.0 Hz, 
syn-diastereomer); 
13
C NMR (CDCl3, 125.65 MHz) δ 167.4, 151.3, 140.1, 139.7, 134.4, 128.2, 127.5, 127.2, 
125.7, 121.0, 116.2, 57.0, 43.1, 34.9, 31.3, 16.6; Anal. HRMS (ESI) Exact Mass Calcd for C26H35NNaO 
(M+Na)
+
: 400.2611. Found: 400.2611.  Enantiomeric excess was determined by HPLC analysis with a 
Chiralpak IA column (98:2 hexane:isopropanol), 0.5 mL/min, 220 nm, 25 C; syn-diastereomer: major 
enantiomer tr = 21.1 min, minor enantiomer tr = 27.4 min; anti-diastereomer: major enantiomer tr = 23.7 min, 
minor enantiomer tr = 31.2 min. 
Configuration Assignment: The absolute and relative stereochemical configuration was determined to be 




(Condition A, from (Z)-majored crotyltrimethylsilane 6b, 0.1 mmol scale) 
Reaction was conducted at 40 °C and the reaction mixture was chromatographed with elution by hexane:ethyl 
acetate (12:1) to give the product as white solid in 86% yield (syn / anti = 84 / 16 mixture, 94% ee for 









84% of 3,5-di-tert-butyl-N-((1R,2S)-2-methyl-1-phenylbut-3-enyl)benzamide 
16% of 3,5-di-tert-butyl- N-((1R,2R)-2-methyl-1-phenylbut-3-enyl)benzamide 
[α]D
24.0
 = -9.10° (c = 1.0, CHCl3);
 1
H NMR (CDCl3, 500 MHz) δ; 7.59-7.55 (m, 3.34H, mixture of syn- and 
anti-diastereomer), 7.34-7.31 (m, 2.52H, mixture of syn- and anti-diastereomer), 7.28-7.24 (m, 3.68H, mixture 
of syn- and anti-diastereomer), 6.62 (d, 1H, J = 8.0 Hz, syn-diastereomer), 6.48 (d, 0.17H, J = 8.0 Hz, 
anti-diastereomer), 5.89-5.82 (m, 0.18H, anti-diastereomer), 5.72 (ddd, 1H, J = 17.5, 10.0, 7.5 Hz, 
syn-diastereomer), 5.26-5.20 (m, 0.36H, anti-diastereomer), 5.18 (d, 1H, J = 17.5 Hz, syn-diastereomer), 5.15 (d, 
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1H, J = 10.0 Hz, syn-diastereomer), 5.13 (t, 1H, J = 7.5 Hz, syn-diastereomer), 4.98 (t, 0.18H, J = 7.5 Hz, 
anti-diastereomer), 2.77 (m, 1.22H, mixture of syn- and anti-diastereomer), 1.34-1.33 (sx2, 22.3H, mixuture of 
syn- and anti-diastereomer), 1.08 (d, 0.54H, J = 7.0 Hz, anti-diastereomer), 1.05 (d, 3H, J = 7.0 Hz, 
syn-diastereomer); 
13
C NMR (CDCl3, 125.65 MHz) syn-diastereomer: δ 167.4, 151.3, 140.1, 139.7, 134.4, 128.2, 
127.5, 127.2, 125.7, 121.0, 116.2, 57.0, 43.1, 34.9, 31.3, 16.6; detectable peak of anti-diastereomer: δ 140.3, 
134.3, 128.4, 127.2, 126.9, 116.0, 57.5, 43.7, 17.1. 
Configuration Assignment: The absolute and relative stereochemical configuration was determined to be 
(1R,2S) for syn-diastereomer by analogy. 
 
(Condition B, from (E)-majored crotyltrimethylsilane 6a, 0.1 mmol scale) 
Purification by silica gel column chromatography with elution by hexane:ethyl acetate (12:1) provided the 
product as white solid (26.4 mg, 80% yield, syn / anti = 93 / 7 mixture, 95% ee for syn-diastereomer).  The 
diastereomeric ratio was determined by HPLC analysis. 
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4.  Synthesis of Chiral Phosphoric Acid (R)-1a 
(R)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthyl (9) was synthesized according to literature procedure3 and 














300 mL flame-dried three-neck round bottom flask equipped with a magnetic stir bar was charged with 9 (3.74 
g, 10 mmol) and THF (50 mL) was added under N2. After cooling at 0 °C, n-BuLi (1.57 M in hexane, 15.4 mL, 
24 mmol) was added slowly using an air-tight syringe, and the reaction mixture was stirred at 0 °C for 30 min.  
Then, hexafluorobenzene (8.1 mL, 70 mmol) was slowly added at -78 °C.  The resulting mixture was warmed 
to room temperature and stirred at room temperature overnight. The reaction was quenched with saturated 
NH4Cl solution (100 mL) and the aqueous layer was extracted with Et2O (50 mLx3).  The combined organic 
extracts were washed with brine, dried over Na2SO4 and concentrated under reduced pressure after filtration.  
The residual crude product was chromatographed on silica gel using a mixture of ethyl acetate and hexane as the 











H NMR (CDCl3, 500 MHz) δ 7.96 (s, 2H), 7.93 (d, 2H, J = 8.5 Hz), 7.50 (ddd, 2H, J = 8.5, 8.0, 
1.0 Hz), 7.41 (ddd, 2H, J = 8.5, 8.0, 1.0 Hz), 7.33 (d, 2H, J = 8.0 Hz), 4.47 (d, 2H, J = 6.0 Hz), 4.42 (d, 2H, J = 














To the solution of 10 (4.89 g, 6.92 mmol) in MeOH (50 mL) and CH2Cl2 (10.0 mL) was added 6 M HCl aq. 
(3.0 mL, 18 mmol) at room temperature. The reaction mixture was stirred at 50 °C overnight.  After cooling to 
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0 °C, saturated NaHCO3 solution (50 mL) was added. After the separation with funnel, aqueous layer was 
extracted with CH2Cl2 (50 mLx3), and the combined extracts were washed with brine, dried over Na2SO4 and 
concentrated under reduced pressure after filtration.  The residual crude product was chromatographed on silica 
gel using a mixture of CH2Cl2 and hexane as the eluent to give the product 11 as white solid (4.20 g, 87% yield). 






















To the solution of 11 (2.31 g, 3.70 mmol) in dry pyridine (8.0 mL) was slowly added POCl3 (687 μL, 7.40 
mmol) under N2. The reaction mixture was stirred at room temperature overnight. To the resulting solution was 
added H2O (10.0 mL) at room temperature, and then the reaction mixture was stirred for additional 30 min.  
After cooling to 0 °C, 6 M HCl aq. (15 mL) was added. After separation with funnel, aqueous layer was 
extracted with CH2Cl2 (30 mLx3), the combined organic extracts were washed with 6 M HCl aq. (x3), dried over 
Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude product was dissolved in 
MeOH and 6 M HCl aq. was added to give white solid, then, aqueous layer was extracted with CH2Cl2 (40 
mLx3).  The combined extracts were dried over Na2SO4 and concentrated under reduced pressure.   The 
residual crude product was chromatographed on silica gel using a mixture of CH2Cl2 and MeOH as the eluent.  
The obtained product was dissolved in Et2O, washed with 6 M HCl aq. (x3), dried over Na2SO4 and concentrated 











Chiral phosphoric acid (R)-1a 
White solid; [α]D
24.2





H NMR (CDCl3, 500 MHz) δ 8.23 (brs, 1H), 8.04 (s, 2H), 8.02 (d, 2H, J = 8.0 Hz), 7.61 (t, 2H, J = 
8.0 Hz), 7.51 (d, 2H, J = 8.5 Hz), 7.46 (ddd, 2H, J = 8.5, 8.0, 1.0 Hz); 
13
C NMR (CDCl3, 125.65 Hz) δ 145.0 (dm, 
J = 244 Hz), 144.0 (d, J = 9.4 Hz), 141.3 (dm, J = 258 Hz), 137.6 (ddm, J = 254, 47 Hz), 133.8, 132.8, 131.4, 
128.8, 128.0, 127.1, 126.8, 122.3, 118.6, 110.4 (t, J = 19 Hz);
 19
F NMR (CDCl3, 282.7 MHz) δ -138.9 (d, 2F, J = 
19.2 Hz), -141.2 (d, 2F, J = 18.1 Hz), -154.5 (t, 2F, J = 20.4 Hz), -162.3 (td, 2F, J = 22.3, 6.5 Hz), -163.2 (brs, 





P NMR (CDCl3, 121.5 MHz) δ 3.26; Anal. HRMS (ESI) Exact Mass Calcd for C32H10F10O4P (M-H)
-
: 
679.0163, Found: 679.0163. 
 
 
5.  Synthesis of Chiral Phosphoric Acid (R)-1c 
Compound 12 was synthesized according to literature procedure
5

















A 500 mL flame-dried three-neck round bottom flask equipped with a magnetic stir bar and dropping funnel 
was charged with 12 (2.00 g, 4.2 mmol), and THF (120 mL) was added at room temperature under N2. After 
cooling to -78 °C, t-BuLi (1.57 M in pentane, 12.0 mL, 18.7 mmol) was added slowly using an air-tight syringe, 
and the reaction mixture was stirred at -78 °C for 30 min.  To the resulting solution was added dropwise 
hexafluorobenzene (4.2 M in THF, 29.6 mL, 84 mmol) at -78 °C.  The reaction mixture allowed warming at 
room temperature and stirred overnight. The reaction was quenched with saturated NH4Cl aq. (100 mL) and the 
aqueous layer was extracted with Et2O (50 mLx3).  The combined organic extracts were washed with brine, 
dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude product was 
chromatographed on silica gel using a mixture of benzene and hexane as the eluent to give the product 13 as 











H NMR (CDCl3, 500 MHz) δ 7.00 (s, 2H), 3.26 (s, 6H), 2.82 (t, 4H, J = 6.0 Hz), 2.43 (dt, 2H, J 
= 17.5, 6.0 Hz), 2.25 (dt, 2H, J = 17.5, 6.0 Hz), 1.76 (m, 8H); 
13
C NMR (CDCl3, 125.65 Hz) δ 153.6, 144.3 (dm, 
J = 248 Hz), 140.5 (dm, J = 253 Hz), 139.1, 137.5 (dm, J = 251 Hz), 133.3, 131.6, 130.5, 116.9, 113.5 (m), 60.5, 
29.4, 27.6, 22.8, 22.7; 
19
F NMR (CDCl3, 282.65 MHz) δ -140.0 (dd, 2F, J = 23.5, 7.4 Hz), -140.3 (dd, 2F, J = 
23.5, 8.5 Hz), -156.0 (t, 2F, J = 21.5 Hz), -162.8 (td, 2F, J = 21.5, 7.8 Hz), -162.9 (td, 2F, J = 21.5, 7.8 Hz). 
 















To the solution of 13 (1.20 g, 1.83 mmol) in CH2Cl2 (46 mL) was slowly added tribromoborane (618 μL, 6.40 
mmol) at -30 °C under N2, and the resulting solution was stirred at -30 °C for 24 h.  The reaction mixture was 
quenched with water (100 mL) and the aqueous layer was extracted with CH2Cl2 (30 mLx3).  The combined 
extracts were washed with brine, dried over Na2SO4, and concentrated under reduced pressure after filtration. 
The residual crude product was chromatographed on silica gel using a mixture of CH2Cl2 and hexane as the 










H NMR (CDCl3, 500 MHz) δ 7.08 (s, 2H), 4.80 (s, 2H), 2.81 (t, 4H, J = 6.0 Hz), 2.37 (dt, 2H, J 
= 18.0, 6.0 Hz), 2.25 (dt, 2H, J = 18.0, 6.0 Hz), 1.77 (m, 8H); 
13
C NMR (CDCl3, 125.7 Hz) δ 149.2, 144.4 (dm, J 
= 240 Hz), 140.6 (dm, J = 253 Hz), 139.4, 137.6 (dt, J = 249, 14.2 Hz), 133.2, 130.8, 119.0, 112.2 (td, J = 18.8, 
3.7 Hz), 29.1, 17.2, 22.7, 22.6; 
19
F NMR (CDCl3, 282.65 MHz) δ -139.9 (dd, 2F, J = 23.0, 8.1 Hz), -140.4 (dd, 






















To the solution of 14 (835 mg, 1.33 mmol) in dry pyridine (5.0 mL) was slowly added POCl3 (261 μL, 2.80 
mmol) under N2. The reaction mixture was stirred at room temperature for 12 h.  To the resulting solution was 
added H2O (5.0 mL) at room temperature, and then the reaction mixture was stirred for additional 2 h. After 
cooling to 0 °C, 6 M HCl aq. (15 mL) was added and aqueous layer was extracted with CH2Cl2 (20 mLx3).  
The combined extracts were washed with 6 M HCl aq. (x3), dried over Na2SO4 and concentrated under reduced 
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pressure.  The residual crude product was dissolved in MeOH and 6 M HCl aq. was added to give white solid, 
then, aqueous layer was extracted with CH2Cl2 (20 mLx3).  The combined extracts were dried over Na2SO4 and 
concentrated under reduced pressure after filtration.   The residual crude product was chromatographed on 
silica gel using a mixture of CH2Cl2 and MeOH as the eluent.  The obtained product was dissolved in Et2O, 
washed with 6 M HCl aq. (x3), dried over Na2SO4 and concentrated under reduced pressure to give the product 











Chiral phosphoric acid (R)-1b 
White solid; [α]D
23.4




H NMR (CDCl3, 500 MHz) δ 7.47 (brs, 1H), 7.13 (s, 2H), 2.91 (brs, 4H), 2.76 (ddd, 2H, J = 16.5, 8.0, 4.5 Hz), 
2.45 (dt, J = 16.5, 6.0 Hz), 1.93-1.82 (m, 6H), 1.77-1.70 (m, 2H); 
13
C NMR (CDCl3, 125.65 Hz) δ 144.2 (ddm, J 
= 246, 38.7 Hz), 143.3 (d, J = 8.4 Hz), 141.0 (dm, J = 253 Hz), 140.3, 137.5 (ddm, J = 247, 48.1 Hz), 136.4, 
132.2, 126.5, 116.7, 110.7 (t, J = 21.7 Hz), 29.2, 28.0, 22.3, 22.1;
 19
F NMR (CDCl3, 282.65 MHz) δ -139.3 (dd, 
2F, J = 22.3, 6.2 Hz), -141.5 (dd, 2F, J = 22.3, 6.2 Hz), -155.7 (t, 2F, J = 20.4 Hz), -162.7 (td, 2F, J = 21.2, 7.3 
Hz), -163.7 (td, 2F, J = 21.2, 7.3 Hz); 
31
P NMR (CDCl3, 121.50 Hz) δ 2.50; Anal. HRMS (ESI) Exact Mass 
Calcd for C32H18F10O4P (M-H)
-
: 687.0789, Found: 687.0789. 
 
 
6.  Synthesis of Racemic Phosphoric Acid 8db 


















To the solution of 2,6-dimethylbromobenzene (600 μL, 4.5 mmol) in THF (12 mL) was slowly added n-BuLi 
(1.57 M in hexane, 3.03 mL, 4.73 mmol) at -78 °C under N2 and the resulting reaction mixture was stirred at 
-78 °C for 30 minutes.  ZnCl2•TMEDA (1.19 g, 4.73 mmol) was added at -78 °C under N2 flow, and the 
reaction was warmed to room temperature and stirred for 3 h.  To the resulting solution was added Pd(OAc)2 
(16.9 mg, 0.075 mmol), PPh3 (78.5 mg, 0.30 mmol) and 15 (699 mg, 1.5 mmol) at room temperature under N2 
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flow.  The reaction mixture was thoroughly degassed, and then refluxed for 36 hours.  After cooling to room 
temperature, H2O (20 mL) was added.  The suspension was filtered through a pad of Celite washing with ethyl 
acetate and filtrate was extracted with ethyl acetate (50 mLx3).  The combined extracts were washed with brine, 
dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude product was 
chromatographed on silica gel using a mixture of ethyl acetate and hexane as the eluent to give the product 16 as 











H NMR (CDCl3, 500 MHz) δ 7.35 (dd, 2H, J = 7.5, 2.0 Hz), 7.19 (t, 2H, J = 7.5 Hz), 7.17 (dd, 
2H, J = 8.5, 6.5 Hz), 7.11 (d, 4H, J = 7.0 Hz), 7.06 (dd, 2H, J = 7.5, 2.0 Hz), 3.16 (s, 6H), 2.13 (s, 12 H); 
13
C 














(Ar = 2,6-Me2C6H3-)  
To the solution of 16 (612 mg, 1.44 mmol) in CH2Cl2 (36 mL) was slowly added tribromoborane (486 μL, 
5.04 mmol) at 0 °C under N2, and the resulting solution was stirred at 0 °C for 1 h.  The reaction was quenched 
with water (60 mL) and the aqueous layer was extracted with CH2Cl2 (30 mLx3).  The combined extracts were 
washed with brine, dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual 
crude product was chromatographed on silica gel using a mixture of ethyl acetate and hexane as the eluent to 







(Ar = 2,6-Me2C6H3-)  
3,3'-bis(2,6-dimethylphenyl)-2,2'-dihydroxy-1,1’-biphenyl (17) 





H NMR (CDCl3, 500 MHz) δ 7.42 (dd, 2H, J = 7.5, 2.0 Hz), 7.21 (dd, 2H, J = 8.5, 6.5 Hz), 7.15 
(d, 2H, J = 7.0 Hz), 7.14 (d, 2H, J = 7.5 Hz), 7.09 (dd, 2H, J = 7.5, 2.0 Hz), 5.55 (s, 2H), 2.07 (s, 12 H); 
13
C 






















To the solution of 17 (544 mg, 1.38 mmol) in dry pyridine (5.0 mL) was slowly added POCl3 (261 μL, 2.80 
mmol) at room temperature under N2. The reaction mixture was stirred at room temperature for 12 h.  To the 
resulting solution was added the mixture of THF (10 mL) and H2O (5.0 mL) at room temperature, and then, the 
reaction mixture was stirred at 80 °C for 8 h.  After cooling to 0 °C, 6 M HCl aq. (15 mL) was added and 
aqueous layer was extracted with CHCl3 (20 mLx3).  The combined extracts were washed with 6 M HCl aq. 
(x3), dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude product 
was dissolved in MeOH, followed by addition of 6 M HCl aq. to give white solid.  This white solid was filtered 
and recrystallized from MeOH.  8db was obtained as white fine needle crystal (532 mg, 85% yield after two 










(Ar = 2,6-Me2C6H3-)  
racemic phosphoric acid (8db) 





(CDCl3, 300 MHz) δ 8.36 (brs, 1H), 7.59 (dd, 2H, J = 7.8, 1.8 Hz), 7.40 (td, 2H, J = 7.8, 0.9 Hz), 7.21 (d, 2H, J 
= 6.9 Hz), 7.03-6.98 (m, 2H), 6.93 (d, 4H, J = 6.6 Hz), 1.98 (s, 12H); 
13
C NMR (CDCl3, 75.5 MHz) δ 145.0 (d, J 
= 9.3 Hz), 136.6, 135.8, 134.0, 133.9, 131.4, 129.3, 129.1, 127.5, 127.1, 126.0, 20.6; 
31
P NMR (CDCl3, 121.50 
Hz) δ 2.50; Anal. HRMS (ESI) Exact Mass Calcd for C28H24O4P (M-H)
-
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7.  Preparation of N-Acyl Imines and Crotyltrimethylsilane 
N-acyl imine 2aa was prepared according to our previous reported procedure
7
 and spectra data was in 
agreement with reported data.  N-acyl imine 2ba, 2bb, 2bc and 2bf were prepared according to following 
procedures.
1
 N-acyl imine 2bd, 2be were prepared according to literature procedures.
7
  (E)- or 
(Z)-Crotyltrimethylsilane were prepared according to literature procedure
8
 and spectra data was in agreement 
with reported data. 













  A 100 mL flame-dried two-neck round bottom flask under N2 atmosphere was charged with a magnetic stir 
bar and 3,5-di-tert-butylbenzoic acid 18 (2.34 g, 10.0 mmol).  The flask was charged with dry CH2Cl2 (15 mL) 
and dry DMF (39 μL, 0.5 mmol).  Reaction was cooled to 0 °C and oxalyl dichloride (1.90 mL, 20.0 mmol) 
was slowly added.  After evolution of gas was complete the reaction was warmed to room temperature and 
stirred an additional 2 hours.  Solvent and excess oxalyl dichloride were removed in vacuo to give yellow oil.  
The crude oil was distilled under reduced pressure to afford the acid chloride 19 (bp 73 °C, 0.2 mmHg) as clear 










20a 21a  
To a 50 mL flame-dried two-neck round bottom flask equipped with a magnetic stir bar was added 
1,1,1,3,3,3-hexamethyldisilazane (3.95 mL, 18.7 mmol) under N2 and cooled to 0 °C.  n-BuLi (1.57 M in 
hexane, 11.9 mL, 18.7 mmol) was added slowly using an air-tight syringe, and the reaction was warmed to room 
temperature for 1 hour.  The solution was cooled to 0 °C and benzaldehyde 20a (1.90 mL, 18.7 mmol) was 
slowly added.  The reaction was warmed to room temperature and stirred for 2 hours.  The hexane was 
removed in vacuo and the resulting slurry was distilled under reduced pressure to give silyl imine 21a (bp 55 °C, 
0.2 mmHg) as a pale yellow liquid (1.32 g, 40% yield). 
  

















To a 20 mL flame-dried two-neck round bottom flask equipped with a magnetic stir bar was added CH2Cl2 
(10 mL) and 21a (900 μL, 4.8 mmol) under N2.  The solution was cooled to 0 °C and 19 (1.15 mL, 4.8 mmol) 
was added slowly and the reaction was refluxed for 3 hours.  Upon cooling the solvent and TMSCl were 
removed under reduced pressure to give yellow solid.  The crude solid was dissolved in hexane and purified by 
short pass column chromatography on DIOL silica gel to afford the N-acyl imine 2ba as a pale yellow solid (799 
mg, 50% yield). 
(E)-3,5-di-tert-butyl-N-benzylidenebenzamide (2ba) 
Pale yellow solid; 
1
H NMR (CDCl3, 500 MHz) δ 8.80 (s, 1H), 8.02 (d, 2H, J = 1.5 Hz), 7.99 (d, 2H, J = 8.0 
Hz), 7.68 (t, 1H, J = 1.5 Hz), 7.59 (t, 1H, J = 7.0 Hz), 7.53 (t, 2H, J = 7.5 Hz), 1.36 (s, 18H); 
13
C NMR (CDCl3, 









Following the same procedures for synthesis of 2ba, 2bb was obtained as yellow solid (crude 2bb was used 
without further purification).  
1
H NMR (CDCl3, 500 MHz) δ 9.07 (s, 1H), 8.08 (d, 1H, J = 7.5 Hz), 8.04 (d, 2H, 
J = 2.0 Hz), 7.68 (t, 1H, J = 2.0 Hz), 7.45 (t, 1H, J = 7.5 Hz), 7.35 (t, 1H, J = 7.5 Hz), 7.28 (d, 1H, J = 7.5 Hz), 
2.66 (s, 3H), 1.37 (s, 18H); 
13
C NMR (CDCl3, 125.7 Hz) δ 182.0, 163.2, 151.2, 140.6, 133.0, 132.7, 131.4, 129.9, 









Following the same procedures for synthesis of 2ba, 2bc was obtained as pale yellow solid (4.5 mmol of 10c 
was used, 453 mg, 30% yield).  
1
H NMR (CDCl3, 500 MHz) δ 8.72 (s, 1H), 8.02 (d, 2H, J = 1.5 Hz), 7.78 (m, 
Experimental Section (Chapter 2. and Chapter 3.) 
75 
 
2H), 7.68 (t, 1H, J = 1.5 Hz), 7.40 (m, 2H), 2.45 (s, 3H), 1.36 (s, 18H); 
13
C NMR (CDCl3, 125.7 Hz) δ 181.9, 








Following the same procedures for synthesis of 2ba, 2bf was obtained as pale yellow solid (5.0 mmol of 10f 
was used, 791 mg, 45% yield).  
1
H NMR (CDCl3, 300 MHz) δ 8.76 (s, 1H), 8.06 (d, 2H, J = 1.8 Hz), 7.95 (d, 
2H, J = 8.5 Hz), 7.67 (t, 1H, J = 1.8 Hz), 7.01 (d, 2H, J = 8.5 Hz), 3.89 (s, 3H), 1.37 (s, 18H); 
13
C NMR (CDCl3, 
75.5 Hz) δ 181.7, 163.9, 163.8, 151.0, 133.3, 132.1, 127.7, 127.6, 124.4, 114.4, 55.5, 34.9, 31.4. 
 
 
8.  References 
(1)  Lou, S.; Moquist, P. N.; Schaus, S. E. J. Am. Chem. Soc. 2007, 129, 15398-15404. 
(2)  Ramachandran, P. V.; Burghardt, T. E.; Bland-Berry, L. J. Org. Chem. 2005, 70, 7911-7918.  see also ref. 
1. 
(3)  Cox, P. J.; Wang, W.; Snieckus, V. Tetrahedron Lett. 1992, 33, 2253-2256. 
(4)  Singh, R.; Czekelius, C.; Schrock, R. R.; Muller, P.; Hoveyda, A. H. Organometallics 2007, 26, 2528-2539. 
(5)  Schrock, R. R.; Jamieson, J. Y.; Miller, S. A.; Bonitatebus, P. J.; Hoveyda, A. H. Organometallics 2002, 21, 
409-417. 
(6)  Feringa, B. L.; Eelkema, R. J. Am. Chem. Soc. 2005, 127, 13480-13481. 
(7)  (a) Uraguchi, D.; Sorimachi, K.; Terada, M. J. Am. Chem. Soc. 2005, 127, 9360-9361.  (b) Terada, M.; 
Machioka, K.; Sorimachi, K. Angew. Chem., Int. Ed. 2006, 45, 2254-2257. 
(8)  (a) Kira, M.; Hino, T.; Sakurai, H. Tetrahedron Lett. 1989, 30, 1099-1102.  (b) Evans, D. A.; Aye, Y.; Wu, 
































































































(Ar = 3,5-t-Bu2C6H3-) E / Z = 84 / 16 80% yield
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(Ar = 3,5-t-Bu2C6H3-) E / Z = 84 / 16 80% yield
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最後に、本博士論文を、祖父母の 倉澤 正徳、 倉澤 八重子、 西本 永藏に捧げま
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